This study investigated the extent of linkage disequilibrium (LD) in two genomic regions (on chromosomes 4 and 7) in five populations of domesticated pigs. LD was measured with DЈ and tested for significance with the Fisher exact test. Effects of genetic (linkage) distance, chromosome, population, and their interactions on DЈ were tested both through a linear model analysis of covariance and by a theoretical nonlinear model. The overall result was that (1) the distance explained most of the variability of DЈ, (2) the effect of chromosome was significant, and (3) the effect of population was significant. The significance of the chromosome effect may have resulted from selection and the significance of the population effect illustrates the effects of population structures and effective population sizes on LD. These results suggest that mapping methods based on LD may be valuable even with only moderately dense marker spacing in pigs.
L INKAGE disequilibrium (LD) is population-wide
. Farnir et al. (2000) tested whether the nonsyntenic LD observed in this nonrandom association of alleles at different genetic loci. Measures of LD can provide information on population between chromosome regions harboring QTL-and potentially coselected-is greater than the population structure and dynamics, including effective population size, and can be used to map genes or quanti-LD between anonymous regions. However, no evidence of a selection effect was found and a simulation study tative trait loci (QTL). Genome-wide LD studies in livestock have shown that LD extends over large genetic indicated that random drift alone can explain the observed LD. Nevertheless, as outlined by these authors, map distances (Ͼ30 cM) in sheep (McRae et al. 2002) and dairy cattle (Farnir et al. 2000) populations. In a lack of evidence about the selection effect on LD does not imply the absence of this effect. For example, there both studies, LD was common and statistically signifimay not have been sufficient statistical power to detect cant. Long-range LD was also found for two genomic a significant selection effect. It is well established that regions (chromosomes 4 and 6) in a sample from the selection can cause LD between unlinked loci that condairy cattle populations in the United Kingdom (Tentribute to phenotypes undergoing selection (e.g., Lewesa et al. 2003) . Hayes et al. (2003 Hayes et al. ( ) inferred past effecontin 1964 Bulmer 1971; Ardlie et al. 2002) . tive population size in dairy cattle from haplotype freWhile Farnir et al. (2000) did not analyze the effect quencies and also detected LD spanning Ͼ10 cM. To of selection on LD between linked loci (hitchhiking our knowledge, these are the only studies that have effect; see Guiyun et al. 1998; Ardlie et al. 2002) , some explored the level of LD in livestock and the results observations provide evidence of this effect in UK dairy obtained contrast sharply with the extent of LD in hucattle (Tenesa et al. 2003) . LD was most significant beman populations, which ranges from 3-5 kb to huntween markers lying in the region known to harbor QTL dreds of kilobases (e.g., Pritchard and Przeworski involved in milk yield and composition (Wiener et al. 2001; Reich et al. 2001; Ardlie et al. 2002; Kaessmann 2000; Tenesa et al. 2003) . However, the LD analysis by et al. 2002) . LD might exist at a larger distance in liveTenesa et al. (2003) was based on a small number of stock than in human populations due to intensive artifiindividuals and markers, so random sampling effects cial selection accompanied by a reduction in effective are likely to be large. population size (Boichard et al. 1996; Haley 1999) .
In domestic sheep, McRae et al. (2002) observed longAlthough Holstein-Friesian dairy cattle are under inrange LD in two data sets from two different breeds. tensive selection, linkage analyses have indicated the
The first breed was Coopworth, which is a young hybrid presence of QTL that are still segregating (e.g., Georges between the breeds Border Leicester and Romney ‫01ف(‬ generations old). Given the young age of this population and the intensive selection that reduced its effective ever, the observed LD was of the same magnitude in C, and E), and a QTL for only growth rate in one additional both breeds, indicating a greater impact of the reducpopulation (population D; see Table 1 ). The population structure for each of the five samples was composed of a number tion in the population size compared to admixture. The of full-sib and half-sib families. direct effect of selection was not analyzed. The high Sires, dams, and their male progeny were genotyped for 15 level of LD observed in all aforementioned studies on microsatellite markers, chosen for their heterozygosity and LD in livestock may be utilized to perform fine-mapping technical tractability, which spanned 68 cM (29 cM on SSC4 studies of QTL. This was supported by the rapid decline and 39 cM on SSC7) as described by Nagamine et al. (2003) .
of LD at low genetic map distance (5-10 cM), while it
The goal was to have at least 5 informative markers per chromosome; thus the entire set of 15 markers was genotyped in was constant at larger distances (Farnir et al. 2000;  a few individuals. Overall, missing genotypes amounted to McRae et al. 2002) .
10-25%, depending on the population and on the chromoCommercial pigs are under intense selection in popusome. All sires and dams were genotyped while only progeny lations that are typically of small effective size (Ͻ100).
with extreme phenotypes were genotyped (Յ25% of the lower However, hybridization has occurred in the past and and upper tail of the distribution).
In each population, a linkage map was estimated with the occasionally new synthetic lines are created through CRI-MAP package (Green et al. 1990 ) and compared to the crossbreeding. This study aims to assess the level of LD published maps (http:/ /www.thearkdb.org). A joint linkage in five populations of commercial pigs. Two chromoanalysis of all marker data across all five populations provided some regions were investigated, one on chromosome 4 a consensus map that was used in subsequent analyses (see (SSC4) and one on chromosome 7 (SSC7). As these of its parents. "Diplotypes" are defined as phased genotypes, i.e., multilocus genotypes with reference to the haplotypes on which the alleles reside. In 95% of progeny/marker combina-MATERIALS AND METHODS tions, the paternal or maternal origin of each allele in the offspring was unambiguous. In the remaining 5%, the offData: We used the same data as those used in a previous spring and both parents were heterozygous for the same alleles study on QTL variation for growth rate and obesity between and the parental origin of the alleles could not be resolved. and within lines of pigs (Nagamine et al. 2003) . These data These alleles were ignored in subsequent analyses. consisted of samples from five different populations provided By grouping progeny of each sire and of each dam, we by five different pig genetic companies. The five populations obtained a set of gametes transmitted by each parent. Among were either pure European breeds or established synthetic these gametes, some will be exact copies of the parental haplolines obtained by crossing European breeds at least 10 years types while others are recombinants. In estimating LD, only before the study took place (Table 1 ). In the analyzed region parental haplotypes were used as they represent a sample from of SSC4, there was evidence of the segregation of QTL influthe outbred population. Using only parental haplotypes in encing growth rate and back fat deposition in one population LD estimation makes the study independent of the selective (population B) and a QTL for growth rate in one additional population (population E; see Table 1 and Nagamine et al.
genotyping of progeny, since all parents were genotyped irre-Linkage Disequilibrium in Pigs (Schneider et al. 2000) , instead of enumerating all possible 
where DЈ ijkl is LD between two markers separated by distance For the nonlinear model, estimates of DЈ were fitted as an and each dam were identified using a simple algorithm, based exponential function of genetic distance. We estimated the on a comparison of their genotypes to those of their mates parameters of the model and tested the effects of the populaand their progeny.
tion and the chromosome on these parameters in a two-step Linkage disequilibrium analysis: Allele frequencies and pairprocedure. First, the parameters from the nonlinear model wise haplotype frequencies were estimated from their counts were estimated for each population-chromosome combinain the parental generation for each population. For a pair of tion, using a least squares approach, and second, the estimated loci A and B, DЈ was estimated as parameters were treated as dependent variables in a linear model. In theoretical and simulation studies, it was shown 
where d is the genetic distance, rs is the residual DЈ corresponding to the spatially independent component, and R is the
range, i.e., the distance at which the spatially correlated part where p i and q j are frequencies of alleles i and j on markers of DЈ is equal to 5% of its maximum value (Christakos 1992). A and B, respectively, p ij is the frequency of the pairwise haploThis model was applied separately to the estimates of DЈ along type ij, and N A and N B are the total numbers of alleles at SSC4 and SSC7 within each population and parameters rs and markers A and B, respectively (Lewontin 1964 ; Hedrick R were estimated through a least-squares approach, weighted 1987).
by the number of haplotypes used to estimate each value of The statistical significance of allelic associations was esti-DЈ. Using a multivariate analysis of variance (MANOVA), we mated with the Monte Carlo extension of the Fisher exact test tested the hypothesis that the joint parameters {rs, R} were for contingency tables (Slatkin 1994) implemented in the different between chromosomes and between populations ARLEQUIN software (Schneider et al. 2000) . For this ap-(both fixed factors), proach, the observed counts of pairwise haplotypes in a given R ϭ R ϩ c i ϩ p j ϩ ε R population constitute a sample of a multinomial distribution and their probability can be obtained from this distribution. rs ϭ rs ϩ c i ϩ p j ϩ ε rs , The statistical significance (P value) of the allelic association is estimated as the cumulative probability of observing the with rs and R the means of rs and R on the two chromosomes and across the five populations, c i the mean effect of the sample or any less likely sample with the same marginal and total haplotype counts (Weir 1996). However, in ARLEQUIN chromosome i, p j the mean effect of population j, and ε rs and ε R residuals of the models. The sampling correlation between chromosomes, DЈ decreased as the distance between these two parameters (R and rs) was estimated.
loci increased (Figure 1) . The highest observed values of DЈ were similar on both chromosomes and they correspond to a distance close to zero. However, the decline RESULTS of LD as a function of the marker distance was faster The mean numbers of alleles per marker on SSC4 on SSC4 than on SSC7. This is also shown by the mean and SSC7 were 5.5 and 10.7, respectively. The locus DЈ across all pairs of syntenic loci. The mean DЈ is higher heterozygosity in the parents varied from 0.56 to 0.68 on SSC7 than on SSC4 and this difference is highly on SSC4 and from 0.65 to 0.80 on SSC7 according to significant in populations C and E (Table 3) . population. The highest locus heterozygosity was ob-
The lowest mean DЈ on both chromosomes and beserved in populations C (synthetic Yorkshire/Large tween nonsyntenic markers was observed in population White) and E (Landrace), while the lowest was observed A while population B had the highest (Table 3 ). Populain population A (Large White). In the five populations, tion E is unusual in that it had the second-lowest mean 62 tests of HWE genotype proportions were performed DЈ on SSC4 with the second-highest mean DЈ on SSC7 and only 3 of them were significant at the 5% type I and between nonsyntenic markers. error rate: marker SW35 (on SSC4) with a P value of Using a Monte Carlo extension of the Fisher exact 0.008 in population D and marker SWR1078 (on SSC7) test, we estimated the significance level (P value) of with P values of 0.02 in population B and 0.003 in the observed marker association. Under the null hypothpopulation C. These tests showing the absence of HWE esis of random allelic association, the expected cumularepresent 4.8% of the total, practically the same as the tive distribution of P values is on the diagonal of each frequency expected by chance. graph in Figure 2 . The distribution of the observed P The coefficient DЈ was estimated between ‫52ف‬ pairs values between nonsyntenic markers was close to this of syntenic markers and between ‫03ف‬ nonsyntenic pairs diagonal, while the distribution corresponding to synwithin each population (124 syntenic and 164 nonsyntenic markers on SSC4 and SSC7 departed from this diagonal, with the lowest P values being overrepretenic in all five populations). Along each of the two sented ( Figure 2 ). This indicates clearly significant LD ulations A, C, and D) and group 2 contains two populations for which QTL effects were significant on both between linked loci in all five populations and lower LD between unlinked loci. SSC4 and SSC7 (populations B and E, see Table 1 ). If there is a selection effect on LD, then we would A linear model was used to test the effects of distance, population, chromosome, and their interactions on DЈ expect a significant difference between chromosomes in group 1 and a nonsignificant difference in group 2 (Table 4) . Of the effects fitted, most of the differences in DЈ are explained by the genetic distance (P Ͻ 0.0001).
due to the absence (group 1) or presence (group 2) of QTL on SSC4. We obtained significance P values of The chromosome effect on DЈ was also significant (P ϭ 0.027) while the effects of the population and all 0.06 and 0.23 in group 1 and group 2, respectively (see Table 5 ). Although there is no significance at level 5% the interactions were not significant (Table 4) .
The significant difference between chromosomes in both groups, this result indicates that an effect of selection cannot be discarded. may indicate a selection effect. In fact, effects of QTL underlying selected traits are significant on SSC7 in all
The exponential function was applied to the estimates of DЈ along each chromosome and within each populafive populations, while significant QTL on SSC4 are present in two populations only (see Table 1 and Nagation (Figures 3 and 4) . This model fits the estimates of DЈ between all syntenic markers with a determination mine et al. 2003) . To further test the hypothesis of chromosome effect, we separated populations in two groups: coefficient of 0.45-0.80. According to this model, DЈ is 1 at the genetic map group 1 includes the three populations where QTL were identified on SSC7 and no such QTL was on SSC4 (popdistance of zero and decreases with an increasing dis- somes, the correlation between R and rs is 0.38 and it is not significant (P ϭ 0.31). 
DISCUSSION
In this study we have quantified the extent of LD tance to stabilize at a nonzero value (the residual LD) in two chromosomal regions in five commercial pig which varies between 0.150 and 0.215 on SSC4 and populations. To our knowledge, this is the first report between 0.208 and 0.340 on SSC7 according to the of LD in pig populations. In all five populations and population (Table 6) .
for both chromosomes, a high level of LD was observed The average of this component of DЈ between the two between linked markers ( Figure 1 ) and it was found to chromosomes and across all five populations is 0.222, be significant, as the cumulative frequency of P values greater than the mean DЈ between nonsyntenic markers from the Fisher exact test departed from its expected (0.156 Ϯ 0.062). This difference may be explained by distribution under the random allelic association (Figthe lack of information to infer rs accurately, as we ure 2). Between unlinked markers, LD was not significovered 30 and 40 cM on SSC4 and SSC7, respectively, cant since the cumulative frequency of P values was but rs corresponds theoretically to "very large map dissimilar to its expectation under the hypothesis of the tances." absence of LD (see Figure 2 ). Under the exponential covariance model, the extent McRae et al. (2002) showed that DЈ can be upwardly of the spatially correlated part of DЈ (i.e., the range) biased when it is estimated with a small number of haplovaries from 9.6 to 21.8 cM on SSC4 and from 8.9 to 32.6 types. In this study, we used 184-302 haplotypes and, cM on SSC7, according to populations (Table 6) . according to the model of McRae et al. (2002) , these Parameters R and rs are estimated simultaneously in sample sizes may have introduced a bias of ‫60.0-40.0ف‬ a fitting procedure. In the five populations of pigs and on DЈ. Since the sample size bias was the same for linked for chromosomes SSC4 and SSC7, the relationship beand unlinked markers, general conclusions of the study tween R and rs is illustrated in Figure 5 . On SSC4, there are expected to be robust with respect to sample size. is a correlation of 0.87 between R and rs with a signifiAs noted by McRae et al. (2002) , many other studies cance P value of 0.06, while this correlation is absent on SSC7 (corr ϭ 0.00, P ϭ 1). Overall, for both chromohave used the coefficient DЈ with a sample size as small as 50 haplotypes. When using the correlation measure on allelic frequencies (see, e.g., Zapata and Visedo r 2 for LD between two biallelic markers with a recombi-1995), and it facilitates the comparison of our results nation fraction of , the relationship between LD, effecwith those observed in sheep and cattle (Farnir et al. tive population size (N e ), and number of haplotypes (n) 2000; McRae et al. 2002; Tenesa et al. 2003) . is, approximately, LD was analyzed at three levels: between populations, between chromosomes (within populations), and along E(r 2 ) ϭ var(r) ϭ 1/(1 ϩ 4N e ) ϩ 1/n individual chromosomes. At the population level, the global pattern of LD was similar in all five populations (following Weir and Hill 1980). This expression clearly (Figure 1 ). Given the heterogeneity of demographic shows the effect of both finite population size and samhistories (see Table 1 ), a different level of LD might ple size on LD.
be expected in these populations. However, the test of An ideal measure of LD would not depend on allele ANCOVA indicated a nonsignificant population effect frequencies; however, no measures of LD are completely (P ϭ 0.872). This nonsignificance of the population independent of allele frequencies. McRae et al. (2002) effect can be explained by the small sample sizes of our suggested simultaneously using a coefficient of LD and experiments (number of haplotypes). However, tests of the statistical significance of the marker association to MANOVA on the joint parameters {R, rs} obtained by disentangle the relationship between the LD measure adjusting the exponential function to DЈ indicate sigand allele frequency. In this study, we measured LD nificance of both population and chromosome effects. with the coefficient DЈ and the statistical significance of This illustrates that fitting DЈ with a theoretical nonlinthe marker association was computed with a Monte ear model could be more powerful than an empirical Carlo extension of the Fisher exact test (Slatkin 1994) .
linear model in the detection of significant effects. We chose to use DЈ because it is applicable to polymorphic markers, it is less dependent than other measures Pairwise comparisons of populations revealed signifi- cant difference between the two chromosomes in three ered two groups of populations (see Table 5 ): the chromosome effect is less important (P ϭ 0.23) when both out of five populations (A, C, and E, see Table 3 ), resulting in an overall significant chromosome effect (P ϭ chromosomes show significant effects of selected QTL than in the case of significant QTL effects on one chro-0.027). The difference in levels of LD on SSC4 and SSC7 cannot be attributed to a sample size bias as the mosome (P ϭ 0.06). The selection effect on LD can be tested if the effects and frequencies of QTL alleles are number of haplotypes was similar for both chromosomes in each population. It also cannot be attributed to known. However, this information was not available in the study of Nagamine et al. (2003) . the differences in the lengths of analyzed chromosome segments as the ANCOVA included the effect of genetic Genetic map distance between markers was more significant than the other tested factors (P Ͻ 0.0001; see map distance. A putative explanation of the observed differences in the mean DЈ between the two analyzed Table 4 ) in explaining variation in DЈ. This relationship between DЈ and genetic distance fits an exponential chromosomes is the presence/absence of QTL underlying growth rate and fat deposition for which all five function (Figures 3 and 4) . Parameters of this function have a simple biological interpretation: rs is the compopopulations are selected. In four out of five populations, the highest DЈ was observed on the chromosome for nent of DЈ independent of distance and R is the distance at which DЈ drops to rs. which effects of QTL underlying one or two selected traits are the most significant (SSC7 in populations A, Unlike other LD studies in livestock, we analyzed five separate populations and presented results for individ-C, and D; SSC4 in population B; see Tables 1 and 3 and Nagamine et al. 2003) . It is possible that a hitchhiking ual chromosomes. This allowed us to test the effect of different factors (population, chromosome, and genetic effect is prevailing in these populations, i.e., that the observed differences in LD between chromosomes are distance) and their interactions. In addition, we fitted LD with a theoretical model, which provided us with caused by selection. This was confirmed when we consid- interesting parameters in a comparative framework (i.e., and sheep populations, we can make comparisons only between the average levels of LD. Between linked loci, the level of LD in pigs, cattle, and sheep is comparable tion ϫ chromosome, 184-302 haplotypes were available, (global patterns of DЈ and significance levels). Between which is higher than that of most LD studies in human unlinked loci, LD was not significant in UK dairy cattle populations (e.g., Ͻ100 haplotypes were used in Hutt- (Tenesa et al. 2003) , in New Zealand sheep (McRae et ley et al. 1999 and Reich et al. 2001 ). While we can al. 2002), and in our five populations of pigs (distribuexpect that more empirical data on LD will be available tion of P values close to its expectation under a ranin the future with probably more specifically planned dom allelic association; see Figure 2 ), while it was highly experiments, we think that our samples were large significant in the Dutch cattle (Farnir et al. 2000) . A enough to support the conclusions from this study. possible reason for this difference is the population
The observed level of LD in pigs indicates that QTL effective size. Values of N e that we have for the five fine mapping may be effective with the presently availpopulations of pigs vary between 60 and 300 (Table 1) , able marker density. LD-based gene mapping methods while N e appears to be Ͻ50 in the Holstein-Friesian are expected to be more powerful than classical methpopulation (Boichard et al. 1996) .
ods of linkage analysis with smaller samples. At the disAnother possible explanation of differences in sigtance of R/3, DЈ is equal to rs ϩ (1 Ϫ rs)/e, according nificance of LD in the three studies is the number of to the function used. Since the average value of rs is haplotypes used. We used 184-302 haplotypes in this 0.22, this corresponds to DЈ ϭ 0.5. If we consider values study and McRae et al. (2002) used ‫072ف‬ haplotypes, of DЈ Ͼ 0.5 as "useful" LD for mapping purposes, then so both studies have less statistical power than Farnir the corresponding chromosome segments are ‫01-3ف‬ et al. (2000) , which had 581-1254 haplotypes. Tenesa cM in our populations. This suggests that powerful geet al. 's (2003) study had low statistical power because of nome-wide association studies are feasible in commera small sample size (50 individuals, i.e., Յ100 haplocial pig populations at marker densities of 5-10 cM, so types) and because they applied a Bonferroni correcthat no QTL is Ͼ3-5 cM from the nearest marker with tion. Among these three studies, the highest value of DЈ Ͼ 0.5, and many QTL will be in LD with markers mean DЈ between unlinked loci was observed in Tenesa with DЈ closer to 1.0. Thus, for a twofold increase in et al.'s study (0.39), while it was of the same magnitude genotyping effort per animal relative to a linkage study, in those of McRae et al. (0.20) and more power of detection is achieved for the same sample 0.20) and in this study (0.11-0.22, see Table 3 ). Acsize or fewer animals are necessary to achieve the same cording to the model of McRae et al. (2002) , the bias power as a linkage study. Note also that these results on DЈ resulting from samples size is ‫60.0-40.0ف‬ in our imply that candidate gene studies in pigs that purport study, 0.00-0.02 in the Dutch cattle (Farnir et al. 2000) , to find associations with phenotypic trait variation could 0.025-0.05 in sheep (McRae et al. 2002) , and 0.13 in reflect associations with causative loci some distance the UK cattle (Tenesa et al. 2003) .
from the candidate gene itself. Therefore, the most likely explanation of the differ-
